Environments contaminated with heavy metals negatively impact the living organisms. Ectomycorrhizal fungi have shown important role in these impacted sites. Thus, this study aimed to evaluate the copper-resistance of ectomycorrhizal fungi isolates Pisolithus microcarpus -UFSC-Pt116; Pisolithus sp. -UFSC-PT24, Suillus sp. -UFSM RA 2.8 and Scleroderma sp. -UFSC-Sc124 to different copper doses in solid and liquid media. The copper doses tested were: 0.00, 0.25, 0.5, 0.75, 1.0 and 1.25 mmol L -1 in the solid medium and 0.00, 0.32, 0.64 and 0.96 mmol L -1 in the liquid medium. Copper was amended as copper sulphate in order to supplement the culture medium MNM at pH 4.8, with seven replicates to each fungus-dose combination. The fungal isolates were incubated for 30 days at 28°C. UFSC-Pt116 showed high copper-resistance such as accessed by CL 50 determinations (concentration to reduce 50% of the growth) as while as UFSC-PT24 displayed copperresistance mechanism at 0.50 mmol L -1 in solid medium. The UFSC-PT24 and UFSC-Sc124 isolates have increased copper-resistance in liquid medium. The higher production of extracellular pigment was detected in UFSC-Pt116 cultures. The UFSC-Pt116 and UFSC-PT24 isolates showed higher resistance for copper and produced higher mycelium biomass than the other isolates. In this way, the isolates UFSG-Pt116 and UFSC-PT24 can be important candidates to survive in coppercontaminated areas, and can show important role in plants symbiosis in these contaminated sites.
Introduction
Environment contamination with heavy metals has increased over the years. The composition of fungi, plants and microbial activity of the soil can be negatively influenced by the environment contamination due to the processes of mining, smelting, processing and manufacturing of metals and their sub-products (Colpaert, 2008; Rühling and Söderstrom, 1990) . One of the ways to reduce the impact caused by these activities on the soils is the use of bioremediation process which aims to use metabolism of microorganisms for elimination or reduction of pollutants in the environment to acceptable levels (Gadd, 2007) .
Many ectomycorrhizal fungi that show resistance to heavy metals, together with the use of plants, can be useful in bioremediation of contaminated areas (Perotto and Martino, 2001; Van Tichelen et al., 2001) . These microorganisms can mobilize or exclude metals from their fungal structures located in the root system of plants by establishing links with peptides, organic acids and cell wall polymers such as chitin and melanin (Galli et al., 1993; Zheng et al., 2009) . The production of melanin has been considered the main mechanism of tolerance to heavy metals (Gadd, 1993; Martino et al., 2003) , as it can act in the extracellular precipitation in the adsorption of heavy metals, preventing their action on fungi (Bellion et al., 2006; Forgaty and Tobin, 1996; Gadd, 2004) . Apart from this, the ectomycorrhizal can exert nutritional and non-nutritional effects which facilitate the vegetal growth, important for re-vegetation of degraded areas, including areas contaminated with metals and salts (Khan, 2001; Wang et al., 2011) . However, to be used in programs of soil bioremediation, exerting beneficial effects for the host plants in condition of high concentration of heavy metals it is necessary to assess the impact of these inorganic contaminants on these fungi.
Heavy metals, when in high concentration in the environment can negatively impact the development of the ectomycorrhizal fungi (Bell et al., 1988; Grazziotti et al., 2001) . Studies in pure culture medium can be an important tool to assess the relation between ectomycorrhizal fungi and heavy metals. For the culture of fungi in laboratory conditions, both solid and liquid medium can influence the tolerance to the metals due to the complexity of the heavy metals in the matrix of the subtract, altering its availability; or agar itself can also contain heavy metals (Blaudez et al., 2000; Gadd, 1993) . Hartley et al. (1997) also reported that the mycelium of basidiomycetes does not develop completely in liquid media and this can affect the reaction of the organism with the heavy metals. Colpaert and Van Assche (1988) indicate that a lower tolerance of ectomycorrhizal fungi to heavy metals, causing variation in tolerance of ectomycorrhizal genera when adding the same doses of metal in solid media. Thus, CL 50 values were found (concentration to reduce 50% of growth) ten times less in liquid media than in solid media, in species belonging to the genera Suillus, Scleroderma and Pisolitus (Blaudez et al., 2000; Colpaert and Van Assche, 1988; Martino et al., 2000) . This variation in CL 50 of ectomycorrhizal fungi among solid and liquid media indicates the need for using these two types of media to compare the tolerance of ectomycorrhizal fungi to heavy metals. However, it is necessary to know the potential resistance of the ectomycorrhizal fungi for its applicability in the environment and production in the laboratory.
Faced with increasing soil contamination by copper in large areas of processing this chemical component, selecting copper-resistant ectomycorrhizal fungi becomes an important characteristic to be used in bioremediation programs. So, ectomycorrhizal fungi that are resistant to copper can be an efficient alternative for the bioremediation of copper-contaminated environments. Therefore, this study aimed to assess the copper-resistance of four ectomycorrhizal isolates of distinct genera, Pisolithus, Scleroderma and Suillus, in solid and liquid media.
Materials and Methods
For characterizing the influence of copper on ectomycorrhizal fungi growth, experiments in solid and liquid Melin-Norkrans Modified (MNM) media (Marx, 1969) were performed. The concentration of added copper varied according to the media used, based on results of Colpaert and Van Assche (1998) , which indicate lower tolerance of ectomycorrhizal fungi in liquid medium. To avoid precipitation of Cu, the medium MNM was prepared according to Grazziotti et al. (2001 Brundrett et al. (1996) . The sporocarps were collected from the forestry, identified, higienized and saved in the properly paper bags with the identification and carried out to the Laboratory for further analysis. The sporocarps were than cleaned with alcohol 70% in the flow chamber, then broken in half and were withdrawn a portion of the mycelium and placed for incubation in Petry dishes containing Hagen medium (0.5 g of NH 4 Cl; 0.5 g of KH 2 PO 4 ; 0.5 g of MgSO 4 . 7 H 2 O; 5.0 g of glicose; 50 ug of thiamine; 0.5 mL of FeCl 3 ; 10 g of agar in 1000 mL of distilled water). The plates were incubated and the no contaminated mycelium was transferred to Petri dishes with medium MNM. After isolation, the fungi were processed in the laboratory using aseptic techniques for the multiplication of the ectomycorrhizal fungi (Brundrett et al., 1996) . After that, the characteristics of the sporocarps, mycelium and spores were then identified.
For the experiment with the solid medium MNM, the experimental unit was a Petri dish, containing 20 mL of solid medium MNM. The inoculation of ectomycorrhizal was realized with three discs, 10 mm in diameter, of mycelium taken from the edges of the colonies grown in Petri dishes during 30 days with solid medium MNM, in pH 4.8. After the inoculation the dishes were incubated at 28°C during 30 days. The test was conducted in complete randomizing way with seven repetitions. The tested doses of copper were 0.0; 0.25; 0.5; 0.75; 1.0 and 1.25 mmol L -1 , corresponding to 0, 16, 32, 48, 64 and 80 mg L -1 , respectively.
To assess the behaviour of ectomycorrhizal fungi in the liquid medium, the experimental unit was an erlenmeyer flask (250 mL), with 25 mL of medium MNM amended with Cu and it was inoculated the fungi as described above. The doses of copper were 0.0; 0.32; 0.64 and 0.96 mmol L -1 , corresponding to 0, 20, 40 and 60 mg L -1 , respectively. The quantities of copper were different from that used in the solid medium, according to Colpaert and Van Assche (1998) . The experiment was completely randomized with seven repetitions. After the inoculation the Erlenmeyers flasks were incubated at 28°C during 30 days without agitation.
The variables analysed in the test were: dry mass of fungal mycelia, mean diameter of the mycelium and total production of extracellular pigments. The total production of extracellular pigments was obtained by the expression of light absorbance of the visible l = 350 mm according to Grazziotti et al. (2001) . To determine extracellular pigments the solid MNM medium was heated and diluted five times to be maintained in liquid phase and then filtered through filter paper (Whatman # 42) to retain fungal biomass. The fungal mycelium retained on the filter paper was used to determine the mycelium dry mass, which was dried at 60°C until constant weight. The determination of production of extracellular pigments in liquid was directly in the culture medium and the fungal mycelium was removed with forceps and taken to the oven for drying and further dry mass determination.
The variables analysed were subjected to variance analysis and their media were compared by the Tukey test and regression equations were adjusted for the applied copper doses based on the significance levels higher than 95% (p £ 0,05), using the statistic program SISVAR (Ferreira, 2008) . The variables also were subjected to multivariate group analysis (Cluster) through Euclidian distance using the program STATISTICA (1996) .
Results

Copper-resistance and pigment production
The results obtained in solid culture medium exhibited significant reduction in the diameter of the mycelium only for the isolate UFSM RA 2.8 with increasing doses of copper (Table 1 ). Significant reduction in the pigment values is also observed (l = 350 nm), for the isolate UFSM RA 2.8 when added 125 mmol kg -1 (80 mg kg -1 ) of copper and significant increase for the isolates UFSC-Pt116 and UFSC-Pt24 with increasing doses of copper. No significant alteration in the fungal mycelium mass of the analysed isolates in the different copper doses was observed.
In the solid culture medium the isolates UFSC-Pt116, UFSM-Pt24 and UFSC-Sc124 produced higher average diameter of mycelium than the isolate UFSM RA 2.8 in the different copper doses (Table 1 ). The isolate UFSC-Sc124 showed smaller dry mass of the fungal mycelium than the other fungi, when applied to concentrations up to 1.0 mmol L -1 of copper, while in the higher dose (1.25 mmol L -1 ) the isolate UFSC-Pt24 was significantly superior to the others (Table 1 ). The highest pigment produced was obtained for the isolates UFSC-Pt116 and UFSC-Pt24 with the increasing doses of copper (Table 1 ).
In the liquid culture medium, the four studied isolates showed significant reduction in the average diameter of the mycelium, dry mass of the fungal mycelium and in the pigment production (expressed in units, with the absorbance at 350 nm) in the dose 0.96 mmol L -1 of copper (Table 2 ). In the liquid medium the isolates UFSC-Pt116, UFSC-Pt 24 and UFSC-Sc124 exhibited higher average diameter of the fungal mycelium and pigment production than the isolate UFSM RA 2.8 until 0.64 mmol L -1 of copper concentration ( Table 2 ). The production of fungal mycelium dry mass of the isolate UFSC-Pt116 is equivalent to the UFSC-Pt24 which was significantly superior to the other isolates, in the copper concentrations up to the copper dose of 0.64 mmol L -1 (Table 2) . These results indicate that in the liquid medium, the negative effect of Cu on the growth of fungi seems to have been higher than in solid medium, even with application of smaller doses of copper.
Relationship and tendencies of the copper-resistance
The analysis of main components of copper-resistance showed varied responses on the fungal growth in the solid medium, depending on the ectomycorrhizal isolate and metal concentration (Figure 1) . The isolates UFSC-PT116 and UFSM RA 2.8, in the concentration of 0.5 mmol L -1 of copper, it resulted in a higher growth of mycelia mass and for the isolate UFSC-SC124, this higher growth was observed when the copper concentration used was 1.25 mmol L -1 . However, the copper concentrations in the solid medium did not affect significantly the dry mass production of the mycelia in the isolate UFSC-PT24 (Figure 1b) . Thus, the analysis of the main components showed a more sensitive technique than the conventional used to assess the influence of metals on the growth of fungal isolates and indicates copper-resistance of the isolate.
In the Figure 2 , it was exhibited that the fungal isolates in the liquid medium increased the mycelium growth when exposed to copper concentration of 0.32 mmol L -1 . The copper concentrations 0.64 and 0.92 mmol L -1 pro-616 Silva et al. moted an inhibition of fungal growth of the isolates, except for the isolate UFSC-SC124 whose copper concentration 0.64 mg L -1 promoted in the mycelium growth, similar results to that in the 0.32 mg L -1 of copper concentration.
The data presented in the Figures 1 and 2 showed the variation in the stimulatory effect of determined copper concentration in the growth of fungal isolates in liquid and solid culture media. The highest production of mycelia biomass of the ectomycorrhizal isolates may have occurred due to mechanisms of excretion of organic molecules, especially of di-and tri-carboxylic acids, which produce turbidity of the medium.
Regression analysis of the copper-resistance
The regression analysis showed that in solid medium the growth in diameter of the isolates UFSC-Pt116, UFSCPt24 and UFSC-Sc124 was stimulated up to the doses 0.61, 0.08 and 0.35 mmol kg -1 of Cu, decrease occurring from these doses (Table 3 ). The isolate UFSC-Pt24 showed increase in diameter of mycelium up to the copper dose 0.25 mmol L -1 , while from this dose the copper started having a deleterious effect on the growth of this fungus. The isolate UFSM RA 2.8 showed different behaviour compared to the other isolates while the reduction in its diameter occurred with the increase of the copper concentration in the solid and liquid media (Tables 3 and 4 ). In liquid medium (Table 4 ) the isolates UFSC-Pt116, UFSC-Pt24 and UFSC-Sc124 showed growth in diameter similar to the copper presence in the solid culture medium.
The isolates UFSM RA 2.8, UFSC-Pt116 and UFSC-Sc124 grown in the solid culture medium increased the dry matter production up to the doses of 0.46 mmol L -1 , 0.54 mmol L -1 and 0.63 mmol L -1 of Cu, respectively (Table 3). The isolate UFSC-Pt24 reduced initially the dry matter of the mycelium to the copper concentration of 0.56 mmol L -1 ; however, after this dose, the isolate increased the dry matter of the mycelium, indicating a possible activation of tolerance mechanisms to the copper in high doses (Table 3 ). Due to the dry mass values and their behaviour in different copper doses, the analysis of CL 50 of these fungi, it was verified similar values among the isolates UFSM RA 2.8, UFSC-Pt116 and UFSC-Sc124 (1.61 mmol L -1 , 1.44 mmol L -1 and 1.47 mmol L -1 , respectively). It was not possible to determine the CL 50 of the iso- late UFSC-Pt24 due to its standard growth comparing to the copper doses.
In the liquid medium, the isolates showed a different behaviour in relation to dry mass production in the solid 618 Silva et al. medium (Table 4 ). The reduction of the dry mass production of the fungi UFSM RA 2.8, UFSC-Pt 116 and UFSCPt24 were proportional to the addition of copper in the liquid medium while the isolate UFSC-Sc124 initially showed tendency to increase the production of dry matter; however, it reduced its growth in the higher copper doses (Table 4) . The Cl 50 values found were similar among the isolates UFSC-Pt116, UFSC-Pt24 and UFSC-Sc124 (0.67; 0.65 and 0.77 mmol L -1 of copper, respectively); however higher in relation to the UFSM RA 2.8 (0.39 mmol L -1 of copper), which reduced the dry matter with the increase of copper doses (Table 4 ).
The isolates UFSM RA 2.8 and UFSC-Pt116 showed higher extracellular pigment production measured by the absorbance at 350 nm, compared to the other fungi tested in the solid medium, while the extracellular pigment production grew with the addition of copper in the medium up to 0.71 and 0.88 mmol kg -1 , respectively (Table 3 ). The isolate UFSC-Pt24 showed increase in the pigment production with the increase of copper doses in the medium, while the isolate UFSC-Sc124 showed reduction in pigment production with the increase of copper concentration in the medium (Table 3) . This may has occurred due to the white colour of the fungal mycelium.
In the liquid medium (Table 4) , the isolates UFSM RA 2.8 and UFSC-Pt116 exhibited the same tendency of total and specific pigment production as in the solid medium, while the increase in the total production was up to the copper doses of 0.23 and 0.21 mmol L -1 , respectively. The behaviour of the isolate UFSC-Pt24 in the liquid medium in the pigment production was different from that shown in the solid medium. Here, the isolate showed a trend to produce a higher amount of total pigment up to the copper dose of 0.36 mmol L -1 and reduce in the higher concentrations of this element, while the specific pigment production showed a similar trend to the total pigment production. The isolate UFSC-Sc124 also showed difference in the total and specific pigment production in liquid medium when compared to the production in solid medium, showing increase in the total pigment production up to the copper dose of 0.31 mmol L -1 (Table 4) .
Discussion
Current studies about copper-resistance and microorganisms such as bacteria have shown good results for the bioremediation of environments polluted with copper (Andreazza et al., 2010 (Andreazza et al., , 2011 . Also, ectomycorrhizal fungi have been studied for this purpose and showed high efficiency (Wang et al., 2011) . In our study, the resistance of different isolates of ectomycorrhizal fungi symbiosisefficient was assayed, in different copper concentrations for subsequent use of these fungi for the bioremediation of copper contaminated areas. The isolates showed different behaviours with the different copper concentration and different media types. This difference in responses of ectomycorrhizal fungi to metals has been reported (Colpaert, 2008; Johansson et al., 2008; Sharples et al., 2001 ) and indicated the needed for pre-selection in contaminated substrate for using in polluted areas. The different media influenced the copper-resistance for the different isolates. This variation in response of ectomycorrhizal fungi to metals was reported by Galli et al. (2003) , which attributed to the complexion of heavy metals in the matrix of the solid media, altering its availability. Blaudez et al. (2000) verified that the use of solid or liquid medium did not affect the growth. However, other authors indicated a lower tolerance of ectomycorrhizal fungi in the liquid medium, causing tolerance variation of ectomycorrhizal genera when added to the same metal doses in the solid medium (Colpaert and Van Assche, 1988) .
The higher production of mycelia mass for the ectomycorrhizal isolates in higher copper doses may have occurred due to mechanisms of excretion of organic molecules, mainly of di-and tri-carboxylic acids which form chelates with the metal ions (5, 28) and/or increase in the formation of fungal melanin which act in the tolerance mechanisms of the ectomycorrhizal fungi to the heavy metals (Grazziotti et al., 2001) . Ahonen-Jonnarth et al. (2008) observed that in ectomycorrhizal isolates exposed to different concentrations of heavy metals, which there is a stimulus for production of organic acids such as oxalic, citric, lactic, acetic, propionic, butyric and iso-butyric, which act in the chelation mechanisms of heavy metals.
The CL 50 values in liquid were lower than the other found in solid medium, which confirms the reports of other authors (8). The results of CL 50 found with studied isolates were different from that observed by other authors when studying tolerance of ectomycorrhizal fungi to heavy metals in liquid medium. Grazziotti et al. (2001) found CL 50 values for the fungi Pisolithus tinctorius and Suilus bovinus to the copper of 1.18 mmol L -1 and 0.12 mmol L -1 , respectively. Tam (1995) found CL 50 values in liquid medium for the fungus Pisolithus tinctorius between 1.5 and 3.0 mmol L -1 , considering its tolerances to Zn and Cu, respectively. Colpaert and Van Asche (1998) showed values of CL 50 for Paxillus involutus in liquid medium between 392 and 785 mmol; however for Amanita muscaria the CL 50 was between 785 and 2360 mmol, showing a high variation in the response of the ectomycorrhizal fungi for copper doses. Blaudez et al. (2000) observed that the fungus Suillus luteus showed higher values of CL 50 than Pisolithus involutus in the different concentrations of Cd, Cu, Ni and Zn.
Different response of ectomycorrhizal fungi for the tolerance to heavy metals has been observed by different authors (Colpaert and Van Assche, 1992; Howe et al., 1997; Colpaert et al., 2000; Grazziotti et al., 2001) . Howe et al. (1997) The pigment production by ectomycorrhizal fungi can be a favourable characteristic to copper-resistance. According to Forgaty and Tobin (Forgaty and Tobin, 1996) , albino isolates showed reduced capacity or cannot produce melanin in the presence of copper excess in the culture medium. The specific production of extracellular elements followed the same trend in total pigment production in the isolates of solid medium. These differences in the extracellular pigment production among isolates show intrinsic physiological differences when subjected to stress of copper element in controlled environments.
The pigments which generated brown colour in the medium were not identified but showed typical characteristics of extracellular melanin which are induced by heavy metals (Colpaert, 2008; Gadd and De Rome, 1988) . The production of extracellular melanin and their effect on tolerance of ectomycorrhizal fungi in relation to heavy metals was reported by other authors (Colpaert and Van Assche, 1988; Grazziotti et al., 2001 , Martino et al., 2003 . This protein is related to copper adsorption showing one of the main mechanisms of tolerance to metals through compartmentalization exercised by carboxylic, phenolic, hydroxyl and amine groups, which have potential sites for connection or bioadsorption of metallic ions (Forgaty and Tobin, 1996; Fomina et al., 2005) . The straight relation between melanin and copper is due to the capacity of metals connection with fungal melanin to occur in the following order: Cu > Cd > Mn > Zn (Saiz-Jiminez and Shafizadeh, 1984) .
In summary, the ectomycorrhizal isolate UFSCPt116 showed higher copper-resistance in all studied concentrations, while the fungus UFSC-Pt24 shows high resistance from 0.50 mmol L -1 (32 mg L -1 ) of copper in solid culture medium. The fungi UFSC-Pt24 and UFSC-Sc124 showed higher copper-resistance in liquid culture medium. In high copper doses, the higher production of dry biomass was obtained with the isolate UFSC-Pt24. The highest production of extracellular pigment is obtained with the fungus UFSC-Pt116 and the highest specific production of extracellular pigment was with the fungus UFSC-Sc124. However the isolates of ectomycorrhizal fungi UFSC-Pt24 and UFSC-Pt116 can be important candidates to survive in copper contaminated areas and with these resistance characteristics, they have shown important agents in the symbiosis with plants in these contaminated sites.
